Acute cerebral ischemia increases the generation of free radicals, causing cell damage, and theoretically may decrease the activity of the scavenging enzyme superoxide dismutase. To investigate the role of superoxide dismutase in cerebral ischemia, we used a model of middle cerebral artery occlusion in rats. In this model an infarct is produced in the pyriform and frontoparietal cortices, extending into the lateral basal ganglia. We measured superoxide dismutase activity by using the xanthine oxidase cytochrome c reduction assay in these areas of rat brains. Tissue samples were analyzed 20 minutes, 2,6, or 24 hours, or 7 days after middle cerebral artery occlusion and 2 or 24 hours or 7 days after sham operation (n=8-10 at each time). There was no significant change in superoxide dismutase activity relative to control values in any brain area at any time up to 24 hours after surgery. However, 7 days after middle cerebral artery occlusion a significant decline in superoxide dismutase activity, to 55% -68% (p<0.05) of that in unoperated controls, was observed in all brain areas. Our results do not support an important role for changes in the activity of endogenous superoxide dismutase during the acute phase of cerebral ischemia. However, the decrease in superoxide dismutase activity 7 days after ischemia could indicate ongoing additional damage to peri-infarct tissue. {Stroke 1990;21:1613-1617)
The free radicals implicated in ischemic damage are the superoxide radical (CV), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical (OH-). 5 These free radicals have extremely short half-lives, and it is therefore technically difficult to measure their concentrations in the brain during an ischemic insult. One way to overcome this problem is to measure the concentrations of substances produced by free radical oxidation. Several studies have shown changes in the levels of glutathione, ascorbic acid, and unsaturated fatty acids following cerebral ischemia. 10 -14 These changes are indirect evidence of the involvement of free radicals in tissue damage. Scavenging enzymes represent one of the several natural defense mechanisms against free radicalinduced damage. These enzymes include superoxide dismutase, catalase, and peroxidase. Superoxide dismutase catalyzes the reaction During ischemia of the heart and liver superoxide dismutase activity decreases. 1516 It has been claimed that the decline in superoxide dismutase activity renders tissue more susceptible to cellular damage caused by free radicals. Therefore, it is theoretically possible that superoxide dismutase activity also declines during cerebral ischemia, making the brain tissue more vulnerable and leading to expansion of the initial lesion. In that case, such additional damage might be prevented by specific pharmacologic treatments. It is also possible that the additional damage occurs long after the ischemic event, for example, during reperfusion. 2 Therefore, we measured superoxide dismutase activity in several brain areas and at several times following focal cerebral ischemia, using occlusion of the middle cerebral artery (MCA) in rats as a model. 1718 Unilateral permanent MCA occlusion in rats produces a consistent ipsilateral focal ischemic lesion.
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Materials and Methods
The left MCA was occluded in five experimental groups of 8-10 male Sabra rats weighing 270-350 g and anesthetized with 30 mg/kg i.p. pentobarbital. The surgical procedures have been described in detail. 22 Twenty minutes, 2, 6, or 24 hours, or 7 days after MCA occlusion, the rats in a group were anesthetized with ether and decapitated. The brains were removed within 60 seconds and cooled for 5 minutes at -70° C. A 3-mm-thick coronal section of the brain 4 mm behind the frontal tips was cut using a double razor blade assembly. In each rat, three areas at and around the MCA territory of the left (lesioned) and right (intact) hemispheres were cut from the section using a surgical blade (Figure 1 ). Area 1 consisted mostly of frontoparietal cortex, area 2 of the pyriform cortex, and area 3 of the corpus striatum. The sections were stained with hematoxylin and eosin. In the left hemisphere, the infarct was histologically detectable in area 2 <2 hours and in area 1 <24 hours after MCA occlusion. Both areas 1 and 2 contained grossly visible infarcts 24 hours after MCA occlusion. Area 3 represents tissue surrounding the infarct.
We used three sets of controls. Contralateral control samples were those obtained from areas in the right (intact) hemisphere of each rat in each experimental group. As sham-operated controls, three groups of 8-10 rats were subjected to identical surgical procedures, with opening of the dura and exposure but not occlusion of the MCA. The rats in a group were anesthetized and decapitated 2 or 24 hours or 7 days after surgery and their brains were sampled as above. Eight normal rats served as the unoperated control group. They were anesthetized and decapitated and their brains were sampled as above.
The activity of superoxide dismutase was assayed by its ability to inhibit superoxide-dependent cytochrome c reduction. 2324 Two reagent solutions were prepared. Solution A consisted of 0.75 mg (4.9 /imol) xanthine in 10 ml of 2 mM NaOH and 24.8 mg (2 fimol) cytochrome c (type III, from horse heart; Sigma Chemical Co, St. Louis, Mo.) mixed with 100 ml of 50 mM phosphate buffer (pH 7.8) containing 0.1 mM ethylenediaminetetracetic acid (EDTA). Solution B consisted of xanthine oxidase (grade I, from buttermilk; Sigma) in 0.1 mM EDTA sufficient to produce 0.022-0.025 absorbance units/min as measured in a Spectronic 2000 spectrophotometer (Bausch and Lomb, Rochester, N.Y.) at a wavelength of 550 nm in the absence of superoxide dismutase.
Brain tissue samples from each area weighing 20-30 mg were homogenized for 10-20 seconds in 1 ml buffer solution (a mixture of 50 mM potassium dihydrogen phosphate [KH 2 PO 4 ] and 50 mM bisodium hydrogen phosphate [Na 2 HPO 4 ], 0.1 mM EDTA; pH 7.8) using a sonicator (Ultrasonics, Plainview, N.Y.) at 65-70 W. Calibration curves were constructed for each sample. Absorbance in at least three different volumes (10-50 fil) was measured; 2.9 ml solution A was added to <0.05 ml of 1) superoxide dismutase (approximately 1 unit) for the maximum point, 2) buffer solution for the 0 point, or 3) buffer solution containing the tissue homogenate. To generate superoxide, 0.05 ml solution B was added to the reaction cuvette. The rate of cytochrome c reduction was recorded at 20-second intervals over 2 minutes using a kinetics program, and a linear regression curve for the rate of change of absorbance per minute was calculated. Samples were not dialyzed. One unit of superoxide dismutase is defined as that amount required to inhibit the rate of cytochrome c reduction by 50%. Protein was measured according to the method of Lowry et al, 25 and superoxide dismutase activity is presented as units per milligram protein.
We used one-way analysis of variance to evaluate the difference between experimental and control averages, followed by Scheffe's post hoc test to distinguish between time groups. Results are reported as mean±SEM; /?<0.05 was considered to indicate significant differences.
Results
In the unoperated control group, there was no difference in superoxide dismutase activity between In the sham-operated control groups, superoxide dismutase activity never differed from that in the unoperated control group (Figure 2) . At 7 days a nonsignificant decrease was observed in areas 2 and 3. There was no difference in superoxide dismutase activity between the right and the left sides of any sham-operated control group (data not shown).
In the experimental groups, superoxide dismutase activity in the right hemisphere never differed from that in the unoperated control group (Figure 2 ). At 20 minutes and 2, 6, and 24 hours after MCA occlusion, activity in the left hemisphere also did not differ from that in the unoperated control group, nor did it differ from that in the corresponding right hemisphere or that in the respective sham-operated group (Figure 2 ). Only at 1 week after MCA occlusion was there a significant decrease in superoxide dismutase activity in the left hemisphere compared with the unoperated control group (to means of 68%, 64%, and 55% in areas 1, 2, and 3, respectively; Figure 2 ). These decreases were also significant compared with activity in the corresponding right hemisphere (Figure 2 ). In areas 2 and 3 the decrease was also significant compared with activity in the respective sham-operated group; in area 1 the decrease was not significant.
Discussion
Unilateral, permanent MCA occlusion in rats has been accepted as a reliable and reproducible model of focal irreversible cerebral ischemia. We occluded the MCA between the olfactory tract and the cerebral vein, reported to be the most appropriate site of occlusion. 19 We have shown 22 that the pyriform cortex is the first area to develop ischemic changes; the next area to show signs of ischemia is the frontoparietal cortex. Damage reaches the corpus striatum last but does not extend beyond the lateral aspect of this structure. We have also shown that somatosensory evoked potentials diminish <30 seconds after occlusion of the MCA. 22 In the frontoparietal and pyriform cortices there is probably complete ischemia and necrosis of all neuronal cells. However, ischemia is not complete in the medial aspect of the corpus striatum. 1926 This area is markedly hyperemic, and functional neuronal cells are present. 2627 Thus, in this model the corpus striatum represents the peri-infarct area.
A line of defense against the highly reactive free radicals formed during ischemia is provided by nonenzymatic antioxidants such as ascorbate, glutathione, and a-tocopherol.
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-28 - 29 It has been shown that concentrations of these substances decrease early after ischemia. 510 -1428 Our data show that superoxide dismutase activity does not change in the ischemic area (frontoparietal and pyriform cortices) for up to 24 hours after MCA occlusion. There was also no change in activity in the peri-infarct area (corpus striatum) compared with the various controls. However, superoxide dismutase activity decreased significantly to 68% of that in unoperated controls in the frontoparietal cortex and to 64% of the control value in the pyriform cortex 1 week after MCA occlusion; in the corpus striatum superoxide dismutase activity decreased to 55% of the control value at that time.
Paschen et al 30 have shown that after occlusion of the common carotid artery on one side and the external carotid artery on the other in gerbils, superoxide dismutase activity did not change for 2 hours. Our data agree with these results and extend them to 24 hours. Our findings stand in contrast to recent work by Chan et al, 31 who reported a significant decline in superoxide dismutase activity in rat brain 30 and 60 minutes after decapitation-induced global ischemia; peroxidase levels were not affected. Chan et al 31 suggested that the depletion of superoxide dismutase in their model indicates vulnerability to reperfusion, with an influx of superoxide radicals following global ischemia. The ongoing, though minimal, cerebral circulation during focal ischemia may explain the lack of early changes in superoxide dismutase activity in our study and that of Paschen et al. 30 Forsman et al 32 have shown that superoxide dismutase and catalase given parenterally 10 minutes before and continuing for 60 minutes after transient complete cerebral ischemia in dogs failed to improve neurologic outcome. This result stands in contrast to the improved outcome found after superoxide dismutase perfusion in rats with cardiac ischemia. 16 A parallel exists in that superoxide dismutase activity has been reported to decrease following cardiac and hepatic ischemia, 15 -16 suggesting a role for systemic superoxide dismutase therapy; our failure to find such a decrease after cerebral ischemia may negate a therapeutic role for superoxide dismutase infusion in patients with stroke. Moreover, systemically administered superoxide dismutase may not reach cerebral tissue in sufficient quantities, as proposed by Forsman et al. 32 Recently, however, it has been shown that methods that may provide better penetrance into the brain (topical application of superoxide dismutase, liposome-entrapped superoxide dismutase, and polyethyene glycol-conjugated superoxide dismutase) give partial protection against brain injury. 33 " 35 Our results, which do not show a decrease in superoxide dismutase activity during the acute period of ischemia, do not contradict these findings. It may be that in other studies the amount of exogenous superoxide dismutase counteracts the increased load of free radicals during ischemia.
One week after MCA occlusion we observed decreased superoxide dismutase activities in the ischemic cerebrum. In these areas, tissue damage is practically complete within 24 hours after the insult. 22 Therefore, this late decrease in activity may be a result of cell necrosis in these areas. To overcome this problem we normalized superoxide dismutase activity to the tissue protein content in each sample. However, extracellular protein diffusing in from the peri-infarct area may have distorted our results.
In the corpus striatum, a significant decrease in superoxide dismutase activity 1 week after MCA occlusion was also observed. As already mentioned, this is an area of incomplete tissue damage, containing viable neurons and glial cells. Therefore, the observed decrease in superoxide dismutase activity may have a significant role in the propagation of ischemic damage to the penumbral zone. This damage may occur because the cells are more vulnerable to free radical oxidation.
It has been shown that peri-infarct areas are hyperemic. 27 ' 36 ' 37 The increase in blood flow to these areas results in overoxygenation, which may contribute to an excess of oxygen radicals produced by adjacent ischemic tissue. This may represent the potentially hazardous combination of a simultaneous increase in free radical activity and a depletion of the defense mechanism against it. Further study of the time course of the decreases in superoxide dismutase activity during cerebral ischemia and possible protection of the peri-infarct area by external superoxide dismutase or other antioxidants is warranted.
